Sepsis is defined as life-threatening organ dysfunction caused by dysregulated host responses to infection [1] . These dysregulated host responses involve the immune system and other organ systems, manifesting as organ dysfunction [1] . The dysregulated immune responses in sepsis affect both the innate and the adaptive immune systems. There is immune activation alongside functional impairment of innate and adaptive immune cells [2] . One aspect of adaptive immune system changes that contributes towards sepsis-related immunosuppression is impaired lymphocyte function, alongside accelerated lymphocyte loss [2] . The reason being, in health, activated CD4+ helper T cells secrete an array of cytokines and chemokines to recruit innate immune cells to sites of infection, enhance their microbicidal activity, help B lymphocyte class switch to make antibodies and generate long-lived lymphocyte memory [3] . Another unique property of CD4+ helper T cells is that they can initiate a cellular programme to polarise towards a particular subset, based on the danger signals they sense [4] . In sepsis, there is a polarisation towards T helper-2 subsets [5] .
T cell exhaustion is defined by three features [6] . First, exhausted T cells have impaired effector function. An example of impaired effector function is the inability to respond to ex vivo antigen challenge with the normal array of cytokines, in sepsis [7] . Second, there is a sustained and increased expression of inhibitory immune checkpoint molecules on exhausted T cell surface. For example, increased expression of programmed cell death-1 (PD-1) receptor and its ligand (PD-L1) [2] is seen in patients with infection [8] and in sepsis [2, 9] . Importantly, PD-1 is neither the only nor the essential inhibitory checkpoint molecule associated with T cell exhaustion. Third, exhausted T cells have a distinct transcriptional state that impairs development and persistence of highly functional T cell memory [6] . Altered transcriptional state on exhausted T cells have not been characterised in bacterial sepsis, but have been well characterised in patients with viral infections with high viral load and in cancer biology [6] . In ex vivo experiments on lymphocytes from patients with sepsis, blocking PD-1 or PD-L1 using antibodies, reduced accelerated lymphocyte apoptosis and recovered some immune cell effector function [10] , which varied with different immunoadjuvants with recombinant interleukin-7 (IL-7) showing maximum response [9] . There is limited evidence from sepsis studies that impaired lymphocyte effector function results in increased nosocomial infection risk and that this risk could be reversed by reversing lymphocyte dysfunction with PD-1 blockade.
Based on these observations, Hotchkiss and colleagues generated the hypothesis that antibody-mediated immunotherapy by blocking PD-1 or PD-L1 may reverse T cell exhaustion-mediated immunosuppression in critically ill patients with sepsis ( Fig. 1 ) [2] . It is acknowledged that critically ill patients, especially those patients with sepsis have significant alterations in pharmacokinetics and pharmacodynamics, resulting from organ dysfunction and acute alterations in volume of distribution of drugs. Furthermore, cancer patients receiving anti-PD-1 treatments have an increase in organ-specific adverse events such as hypothyroidism, pneumonitis, and hypophysitis [11] . Thus, there is a need for well-designed early-phase *Correspondence: manu.shankar-hari@kcl.ac.uk 1 Present Address: School of Immunology and Microbial Sciences, King's College London, 5th Floor, Southwark Wing, London SE1 9RT, UK Full author information is available at the end of the article trials to explore the pharmacokinetics and pharmacodynamics of passive anti-PD-1 or anti-PD-L1 monoclonal antibody immunotherapy, prior to later phase trials on patient-centred endpoints.
In a recent issue of the journal, Hotchkiss and colleagues report a phase-1b parallel group randomised controlled trial of anti-PD-1 monoclonal antibody (nivolumab) in 31 adult patients with sepsis and total lymphopenia (defined as absolute lymphocyte counts ≤ 1.1 × 10 3 cells/microlitre) [12] . There was no placebo arm in this phase-1b trial. The parallel groups to assess pharmacokinetics and pharmacodynamics were two different doses of nivolumab 480 mg and 960 mg. This trial shows that in sepsis patients, nivolumab has a greater volume of distribution, more rapid clearance, and shorter half-life, when compared to published data from cancer patients. Pharmacodynamic assessments highlighted that both doses had greater than 90% PD-1 receptor occupancy at 28 days, similar recovery of human leukocyte antigen-DR expression on monocytes, and similar recovery in absolute lymphocyte counts. When using anti-immune checkpoint inhibitor therapy, two immunological side effects to be considered is an exaggerated cytokine response and higher risk of autoimmunity. There were no major differences in the representative pro-inflammatory cytokines (IL-6, IL-8, tumour necrosis factor) and anti-inflammatory cytokines (IL-10). Autoimmunity was not directly assessed in the trial but was not apparent clinically, in contrast to observations in cancer patients. Encouragingly, there were no unexpected adverse events or serious adverse events with nivolumab in this critically ill adult sepsis population.
This trial must be considered alongside a recent phase-1b placebo controlled escalating dose-randomised controlled trial assessing pharmacokinetics and pharmacodynamics of anti-PD-LI monoclonal antibody (BMS-936559) in 24 adult patients with similar eligibility criteria [13] . In sepsis patients, BMS-936559 also had higher volumes of distribution and faster elimination rates. The receptor occupancy of > 80% was achieved at a dose of 900 mg with BMS-936559. In contrast, the receptor occupancy was greater than 90% even with the lower nivolumab dose of 480 mg, which may be relevant, as it potentially lowers the risk of exaggerated cytokine response and autoimmunity in later phase trials.
Another intervention aimed at restoring lymphocyte count and function tested recently with a phase-2b placebo controlled, double-blind, 3-arm randomised controlled trial in 24 sepsis patients with severe lymphopenia (defined as absolute lymphocyte counts ≤ 0.9 × 10 3 cells/ microlitre), was recombinant human IL-7 (CYT107) [14] . The marked loss of CD4+ and CD8+ immune effector cells was reversed and activation markers of CD4 T cells were increased by CYT107, implying improvement of impaired lymphocyte function in sepsis patients.
What next steps do these trials highlight? First, T cell exhaustion needs to be defined in the context of sepsis. Second, do these interventions reverse T cell exhaustion in sepsis. Third, we may need to consider whether monoclonal immune checkpoint inhibitors antibodies should be co-administered with recombinant IL-7 to improve lymphocyte counts. Fourth, lymphopenia is potentially feasible enrichment marker for immunomodulation trials in sepsis patients and the authors have considered it as marker for immunosuppression and prognostic enrichment [15] . The relationship between lymphopenia and T cell exhaustion in sepsis needs evaluation. We need to understand the magnitude and duration of lymphopenia reversal required to achieve benefit in sepsis patients for designing later phase trials. The risk of autoimmunity with these treatments must be studied using longer term follow-up of sepsis patients with biological measurements. Fig. 1 Role of PD-1 and PD-L1 in T cell exhaustion and potential for treatment. APC antigen presenting cell, PD-1 = programmed cell death-1; PD-L1 programmed cell death ligand-1, CD cluster of differentiation, TCR T cell receptor; anti-PD-1 and anti-PD-L1 are monoclonal antibodies to corresponding receptors; *there is no evidence whether blocking one inhibitory check point molecule like PD-1 reverses T cell exhaustion in sepsis; outcome? refers to uncertainty on patient-centred outcomes; BMS-936559 is anti-PD-L1 antibody tested in a previous trial [13] 
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